When a fire oc curs in a tun nel, it is of great im por tance to as
Introduction
If there is an emer gency in a train in side a rail way tun nel, a com mon prac tice is for the train to con tinue its way and to pro hibit the train to stop in side the tun nel, even in the case of a fire, in or der to in crease the sur vival chances of the pas sen gers. Al though it is pos si ble that the train is dis con nected from the power sup ply in case of a ca lam ity, in many cases it can be shown that the train has enough mo men tum to reach the tun nel exit, even if the train is trav el ling in the up hill di rec tion of a mod er ately sloped tun nel. This assump tion is cer tainly valid for now a days high speed trains. How ever, in a worst case scenario, the pos si bil ity must be con sid ered that a burn ing train is forced to stop in side a tunnel. There fore, it is nec es sary al ready at the con struc tion stage of a tun nel to pro vide all safety mea sures to en sure high est pos si ble level of safety for the passengers in such an exceptional case.
In this ex am ple we con sider a sin gle bore sloped tun nel with dou ble track. We also as sume that there is also one emer gency exit in tun nel (e. g. half way the length of the tun nel), so that it is to be ex pected that pas sen gers will have to move in side the tun nel while there is a burn ing train, pro duc ing smoke and heat. The smoke rises due to the buoy ancy force and im pinges onto the tun nel ceil ing which de flects the smoke in two oppo site di rec tions, cre at ing a wall-bounded plume. The only op tion to cre ate a smoke-free route for the pas sen gers and also for emer gency pur poses (e. g. for fire fight ers), is to direct the smoke in one sin gle di rec tion. Con se quently, it is of vi tal im por tance to un derstand the be hav iour of smoke aris ing from the fire. In this pa per, we ap ply computational fluid dy nam ics (CFD) tech niques to in ves ti gate the nat u ral be hav iour of the smoke of a de sign fire in a sloped tun nel. Since hot smoke has the ten dency of flow ing in the up hill di rec tion of a tun nel due to buoy ancy, one might ex pect that a smoke-free path can be created in the down hill di rec tion of the tun nel. How ever, sev eral pa ram e ters may have an influ ence such as the pos si ble chim ney ef fect of the sloped tun nel in the ab sence of fire (due to tem per a ture dif fer ences be tween the en vi ron ment and in side the tun nel), wind ef fects at the tun nel por tals, pres sure dif fer ences be tween the two ac cess open ings, and the an gle of in cli na tion of the tun nel.
Computational fluid dynamics approach
The fluid flows that ac com pany a fire are driven by buoy ancy forces, which are cre ated by the den sity dif fer ence be tween the hot com bus tion prod ucts, i. e. smoke, and the am bi ent air. By con sid er ing the fun da men tal laws of con ser va tion of mass, mo mentum, and en ergy, the gov ern ing equa tions de scrib ing these flows can be de rived and are gen er ally known as the Navier-Stokes equa tions. It is im pos si ble to solve these equa tions an a lyt i cally, and there fore we have to rely on nu mer i cal tech niques. Typ i cally for CFD, the fi nite vol ume method is used. This means that the phys i cal space, in which we want to solve the flow field, is di vided in small con trol vol umes (the nu mer i cal grid or mesh) and the gov ern ing equa tions are in te grated over each vol ume. The next step con sists of transform ing these in te grated equa tions into a discretized form in or der to ar rive at a set of alge braic equa tions which can be solved nu mer i cally.
As for most flows en coun tered in na ture, fire gen er ated flows are tur bu lent. Every one who has once ob served a camp fire for ex am ple, knows that the form of the flames is highly ir reg u lar -ev ery in stant the shape of the fire and the flames changes. This is due to the tur bu lent na ture of the fluid flows in the fire and in di cates the cha otic and ir reg u lar, both in time and in space, be hav iour of the gases. If we want to com pute these flows with a high de gree of ac cu racy, we have to ap ply a very fine mesh and small time steps. Con sequently, the time and mem ory re quired for such cal cu la tions be come tre men dously large. Clearly, this is not a fea si ble ap proach for practical, day-to-day applications.
Hence, the ef fect of tur bu lence on the flow field has to be in cor po rated by some model. In this work, we used the Fire Dy nam ics Sim u la tor, ver sion 4, (here af ter FDS) of the Na tional In sti tute of Stan dards and Tech nol ogy (NIST), USA [1] which ap plies the Large-Eddy Sim u la tion (here af ter LES) tech nique. In this tech nique, the large scale mo -tions of the flow, which are the most en er getic part and rep re sent the large scale mix ing pro cesses, are re solved while the small scale mo tions are mod elled. The un der ly ing idea is that small scale mo tions con tain only a small part of the tur bu lent ki netic en ergy and that the small scale ed dies tend to have a more uni ver sal and iso tro pic char ac ter, in depend ent of the ge om e try of the do main in which the flow takes place. The small scale motions are re moved by fil ter ing the Navier-Stokes equa tions. In FDS, the fil ter width is related to the size of the grid cells and the Smagorinsky model is ap plied to incorporate the effect of the sub-grid scale stresses.
Combustion modelling
When a fire takes place, chem i cal re ac tions oc cur be tween fuel and ox y gen. These re ac tions re sult in the pro duc tion of com bus tion prod ucts, such as H 2 O and CO 2 , and also in the re lease of heat. Due to the re lease of heat, the tem per a ture of the com bustion prod ucts in creases and their den sity de creases, cre at ing the buoy ancy force which is the driv ing force for fire gen er ated flows. Con se quently, it is im por tant and nec es sary to in clude the com bus tion pro cess in sim u la tions of fires. How ever, the chem i cal re ac tions tak ing place are very com pli cated and in clude a large amount of dif fer ent spe cies. Moreover, the re ac tions take place on time and length scales which are or ders of mag ni tudes smaller than those typ i cally for fluid flows. All this makes it im pos si ble to cal cu late the com bus tion pro cess from its first prin ci ples and again a model has to be used to in cor porate the ef fect of com bus tion.
In FDS, two ap proaches are avail able for com bus tion: a global one-step, finite-rate chem i cal re ac tion and a mix ture frac tion-based model. The for mer model will not be dis cussed here as we did not ap ply it in our sim u la tions. The lat ter model is based on the as sump tion that the com bus tion pro cess is mix ing-con trolled. There fore, all species can be de scribed in terms of the mix ture frac tion vari able. State re la tions give the con nec tion be tween each spe cies and the mass frac tion. FDS ap plies piecewise lin ear func tions as state re la tions. For the flame it self, a "flame sheet" model is used, rep re senting the flame as a two-di men sional sur face. By cal cu lat ing the lo cal con sump tion rate of ox y gen at the flame sheet, ap ply ing the state re la tion for the ox y gen mass frac tion, the local heat re lease rate is com puted. Hereby, the as sump tion is made that the heat re lease rate is di rectly pro por tional to the ox y gen con sump tion rate, in de pend ent of the fuel involved.
The qual ity of this com bus tion model is lim ited by the res o lu tion of the un der lying mesh. If the grid is too coarse to ac cu rately re solve the flames, the pro ce dure to cal culate the lo cal heat re lease rate due to com bus tion does not work very ad e quately any more. There fore, in FDS two pre cau tions are taken to over come the prob lems re lated to coarse grids. The reader is re ferred to the Tech ni cal Ref er ence Guide of FDS [2] for fur ther details on this mat ter. Clearly, for prac ti cal ap pli ca tions where we have to cope with large phys i cal di men sions and large fires, it is im por tant to have such rem e dies since cur rent day com puter power puts an up per limit on the fineness of the underlying computational grid.
Radiation modelling
A por tion of the en ergy that is re leased dur ing the chem i cal re ac tions is transferred to nearby walls and the en vi ron ment through ra di a tive heat trans fer. For suf ficiently large fires, ra di a tive heat trans fer is the dom i nat ing mode of heat trans fer. It is thus im por tant to in cor po rate this pro cess into fire sim u la tions. In FDS, this is done by solv ing a ra di a tion trans port equa tion for a non-scat ter ing grey gas. This equa tion is solved by the Fi nite vol ume method.
Implementation of a tunnel geometry and design fire
The ex am ple tun nel we ex am ine in this pa per has an arched cross-sec tion with a nom i nal width of 10 m. The height of the tun nel at its centreline is 8 m. As FDS works with rect an gu lar grids, curved ge om e tries have to be ap prox i mated us ing rect an gu lar obstruc tions ("stair step ping"). Fig ure 1 pres ents the ac tual ge om e try and the "stepped" geom e try that was used in the sim u la tions. The ob struc tions were cho sen in such way that the area of the stepped cross-sec tion is equal to the area of the cross-sec tion of the orig i nal tun nel. In this study, we con sider a de sign fire with a con stant power of 14 MW, which is a typ i cal safe value for pas sen ger train fires. In [3] , the heat re lease rate from a full scale fire test of a Ger man pas sen ger train is pre sented. The mea sure ment was done dur ing the Eu reka pro ject [4] . For that full scale test, the heat re lease rate (HRR) was mea sured during al most 140 min utes with a peak HRR around 14 MW. This fire is mod elled in FDS as a square burner with a di men sion of 2 × 2 m. The sur face of the burner is lo cated at a distance of 0.5 m above the tun nel floor. In this study, no flame spread phe nom ena are consid ered. All sim u la tions are per formed with this con stant HRR fire out put.
Results and discussion

Influence of the length of the simulated tunnel section
Tun nels in real life can be very long, in the or der of sev eral kilo metres. If we want to per form nu mer i cal sim u la tions for the to tal length of such a tun nel, this would require sev eral mil lions of grid cells. This would re quire an enor mous amount of mem ory and it would take a long time un til sim u la tions come to an end. Clearly, this is not af fordable for prac ti cal ap pli ca tions and some sim pli fi ca tion of the problem has to be made. In this sec tion we fo cus on the lo cal smoke be hav iour in a hor i zon tal tun nel. If the tun nel has a slope, there will be a global chim ney ef fect due to the heat re leased by the fire source. This global ef fect should then be superposed onto the lo cal be hav iour we discuss here. We do not dis cuss the global chim ney ef fect in this paper.
Since here we re strict our selves to the lo cal be hav iour of the smoke pro duced by the fire, we are able to sim u late a re duced sec tion of the tun nel in stead of the whole length. In or der to ex am ine the in flu ence of the length of the sim u lated sec tion, we performed sim u la tions for a sec tion of 100, 200, and 300 m. The tun nels in this case have no slope. For all sim u la tions a fire of 14 MW is ap plied with the burner lo cated cen trally in the tun nel sec tion. The tem per a ture is mon i tored at a point 10 m away from the burner and at a height of 7.8 m. The mon i tor points are lo cated in the sym me try plane of the tunnel. The re sults for the three sec tions are pre sented in fig. 3 . The re sults show that the instan ta neous val ues of the tem per a ture for the three lengths can dif fer strongly. How ever, the mean tem per a ture (cal cu lated from t = 40 s to t = 200 s) is for the three cases around 290 °C. Thus, al though the length of the sim u lated tun nel has an in flu ence on the in stanta neous tem per a ture val ues, there is hardly any im pact on the mean flow field. Ac cord ing to this, the er ror made by re duc ing the length of the sim u lated tun nel is neg li gi ble, with respect to the behaviour of smoke in the immediate vicinity of the fire.
Influence of the tunnel slope
As a fire in a long sloped tun nel (in the or der of kilo metres) evolves, hot combus tion prod ucts are pro duced and the tun nel fills up with hot and light gases. If we consider the en tire tun nel glob ally, this re sem bles a large chim ney, as pre vi ously men tioned. Due to the tem per a ture dif fer ence be tween the gases in side the tun nel and the tem per a - ture out side the tun nel, the hot gases tend to move in the up hill di rec tion of the tun nel. How ever, it takes some time to ar rive at this sit u a tion. Sim ple an a lyt i cal cal cu la tions show that for a tun nel with a length of 10 km and with a slope of 2%, it takes ap prox imately 10 min utes for the chim ney ef fect to be come ef fec tive. At this stage, we can expect that the smoke moves in one sin gle di rec tion, im ply ing there is a smoke-free path cre ated, in the down hill di rec tion, in a nat u ral way.
How ever, con sid er ing the safety of the pas sen gers in case of an emer gency, the early stages of a fire have to be re garded. There fore, for these first min utes, the large scale chim ney ef fect can be de coup led from the lo cal be hav iour of the smoke. It is then meaning ful to per form the sim u la tions on a re duced length sec tion of the tun nel. If it is nec essary to in cor po rate the large scale chim ney ef fect, af ter ap prox i mately 10 min utes, the entire length of the tun nel has to be in cor po rated in the sim u la tions, which de mands large com pu ta tional power as al ready men tioned. In or der to eval u ate the ef fect of the slope of the tun nel on the lo cal be hav iour of the smoke dur ing the first in stants of a fire, we performed sim u la tions of a tun nel sec tion of 100 m with three dif fer ent slopes (0, 2, and 10%). The ef fect of the slope is in cor po rated in FDS by chang ing the an gle be tween the grav ity vec tor and the axis of the tun nel. The re sults are pre sented in figs. 4-6. For the results pre sented, the tun nel is in clined such that the up hill di rec tion is from the left to the right of the fig ure. The re sults show that for the lo cal be hav iour of the smoke in the first in stants of the fire (say, the first 10 sec onds), the ef fect of the slope is neg li gi ble. Then some asym me try in the smoke mo tion be comes vis i ble, but even for the slope of 10%, the smoke trav els in both op po site di rec tions un der the tun nel ceil ing. Con se quently, in this stage of the fire, the effect of the slope is not sufficient to create a smoke-free path for the passengers.
The effect of external wind
The be hav iour of the smoke can also be in flu enced by ex ter nal wind. Two extreme sit u a tions are con sid ered in the sim u la tions: an ex ter nal wind par al lel with the tunnel axis (A) and a wind per pen dic u lar to the tun nel axis (B), see fig.7 . In both sit u a tions A and B the wind is par al lel to the tun nel floor. To ex am ine the ef fect of these winds, a possi ble set-up for the sur round ing area at one por tal of the tun nel is mod elled. In this pa per, some block ings cre ated by two hills that run along the two rail way tracks are mod elled. It is stressed out that this set-up just serves as an ex am ple of what is possible for a real life tunnel.
Results for the wind parallel to the tunnel axis
Two wind ve loc i ties are con sid ered: 5 m/s (18 km/h) and 10 m/s (36 km/h). The re sults are pre sented in figs. 8 and 9. The re sults show that for the wind ve loc ity of 5 m/s, the ef fect of the wind is not strong enough to blow all the smoke in one sin gle di rec tion. The sim u la tion shows that a sta ble layer of smoke is formed in the op po site di rec tion of the wind. This layer be comes sta ble af ter approximately 150 s.
For the case in which a wind ve loc ity of 10 m/s is ap plied, the sim u la tion shows that the wind is strong enough to force all the smoke in a sin gle di rec tion so that a smoke-free route is cre ated to wards the tun nel exit. Af ter 40 s, the back-layer of smoke disappears.
We note that these val ues for the wind ve loc ity are not di rectly re lated to the crit ical ven ti la tion ve loc ity. As the wind ap proaches the tun nel por tal, a large por tion of the air flows above the tun nel por tal in stead of en ter ing the in side of the tun nel. This is due to the flow re sis tance that is cre ated by the tun nel. Con se quently, only a small por tion of the air mass put in mo tion by the wind will en ter the tun nel and there fore the air ve loc ity in side the tun nel is lower than the ve loc ity of the wind out side the tun nel. It is shown fur ther in the paper that the crit i cal ven ti la tion ve loc ity for a 14 MW fire in this tun nel is around 2 m/s. When the ex ter nal wind blows per pen dic u lar to the tun nel axis, a low pres sure re gion is cre ated at the tun nel exit due to the cur va ture of the flow stream lines. This low pres sure sucks the smoke out of tun nel. This ef fect can be seen in figs. 10 and 11. However, even for the wind ve loc ity of 20 m/s, which is al ready a high value and con sid ered as stormy con di tions, the ac tion of the wind is not strong enough to force all the smoke out of the tun nel in or der to cre ate a smoke-free path. It is clear from the sim u la tions that the ef fect of wind blow ing per pen dic u lar to the tun nel axis has a much smaller ef fect than wind blow ing di rectly to wards the tun nel por tal. Where the par al lel wind cre ates an impulse ef fect in side tun nel (and con se quently there is a trans fer of mo men tum be tween the air en ter ing the tun nel and the smoke gases, by which the gases can be forced in one single di rec tion), the per pen dic u lar wind only gen er ates a pres sure drop at the tun nel por tal. In the first place, these re sults in di cate, as could be ex pected, that ex ter nal winds have a non-neg li gi ble in flu ence on the be hav ior of the smoke in side the tun nel. Sec ondly, depend ing on the di rec tion and the ve loc ity of the wind, a to tally dif fer ent ef fect on the smoke move ment can be ex pected. In case of an emer gency, the wind con di tions may be fa vor able to cre ate a smoke-free path in the proper di rec tion for the pas sen gers to es cape from the fire. The ideal con di tion is when the wind acts in the same di rec tion as the chimney ef fect but it is not guar an teed that this sit u a tion will take place. None the less, in most prac ti cal cir cum stances the wind is un able to ex tract the smoke or blow the smoke in one sin gle di rec tion.
Influence of the naturally created air current inside the tunnel
As al ready men tioned, we con sider a sloped, long rail way tun nel in this work. We take a tun nel of 10 km with a slope of 2%. For this ex am ple, there is a height dif fer ence of 200 m be tween the two por tals of the tun nel. As pres sure de creases with height, a static pres sure dif fer ence of about 14 hPa ex ists be tween the por tals. This pres sure dif fer ence does not in duce any flow of air in side the tun nel. How ever, for long tun nels where the air in side has a lot of time to trans fer heat to tun nel walls or re ceive heat from the walls, a temper a ture dif fer ence may oc cur be tween the air in side the tun nel and the am bi ent air out side. As the tun nel is sloped, this cre ates the afore men tioned chim ney ef fect, i. e. a cur rent of air is in duced in side the tun nel, in the ab sence of a fire. In win ter time con di tions, it is to be expected that cold am bi ent air is heated up in side tun nel re sult ing in warm air in side, so that the den sity be comes lower com pared to the am bi ent air. Con se quently, air is flow ing in the up hill di rec tion of the tun nel. In sum mer time, the op po site is to be ex pected: warm am bi ent air is cooled down in side tun nel re sult ing in air in side with a higher den sity com pared to the am bi ent air. Con se quently, air is flow ing in the down hill di rec tion of the tun nel. Here, we con sider a tem per a ture dif fer ence of 10 °C be tween the in side of the tun nel and the out side, with the warmer air in side the tun nel. Sim ple an a lyt i cal cal cu la tions based on the Darcy-Weisbach equa tion for pres sure loss in ducts and pipes and on the Cole brook equation to de ter mine the fric tion fac tor, show that an air flow of 2 m/s in side the tun nel is a re alis tic value. The ef fect of this air flow on the lo cal be hav ior of smoke gases dur ing the early stages of a fire, is mod eled as an aspirating fan at one end of the tun nel and a ven ti la tion veloc ity of 2 m/s is ap plied. The re sult of the sim u la tion is pre sented in fig.12 . The ar row in dicates the di rec tion of the flow in duced by the fan.
The re sults show that by ap ply ing a ven ti la tion ve loc ity of 2 m/s nearly all smoke gases are ex tracted from the tun nel. This cre ates a smoke-free path in the di rec tion op po site to the di rec tion of ven ti la tion. How ever, we no tice on the fig ures above there is still some part of smoke which trav els against the ven ti la tion di rec tion, pos si bly cre at ing harm ful con di tions for es cap ing oc cu pants of the tun nel. This in di cates that 2 m/s is some what be low the crit i cal ven ti la tion ve loc ity in this c ase. The crit i cal ven ti la tion veloc ity is the ve loc ity at which there is no back-lay er ing of the smoke. It is an im por tant pa ram e ter when de sign ing a me chan i cal ven ti la tion sys tem in tun nels. The sim u la tion per formed with a ven ti la tion ve loc ity of 2 m/s in di cates that af ter ap prox i mately 150 s a stable layer of smoke is established in the opposite direction of the ventilation.
The sim u la tion also re veals that, un der cer tain cir cum stances, (super)crit i cal ven ti la tion con di tions can be achieved by the nat u rally cre ated chim ney ef fect due to a tem per a ture dif fer ence be tween the air in side and out side the tun nel. How ever, this ef fect should not be re lied on to force the smoke out of the tun nel since some as pects are un certain: the tem per a ture dif fer ence may be too small to cre ate a suf fi cient air flow in the tunnel; the di rec tion of the air flow may change de pend ing on the weather con di tions (warm in side the tun nel and cold out side ver sus cold in side the tun nel and warm out side); the fire it self can al ter the den sity dif fer ence be tween the gases in side and out side of the tunnel, hence al ter ing the chim ney ef fect, by re leas ing heat in side the tun nel.
Conclusions
De pend ing on the po si tion of the burn ing train with re spect to the emer gency exits, a cer tain ven ti la tion strat egy can be fol lowed. The sim u la tions pre sented in this pa per pri mar ily fo cus on the pos si bil ity of nat u ral ven ti la tion in sloped tun nels. Dif fer ent aspects on the nat u ral be hav ior of smoke have been con sid ered us ing the CFD tech nique. All simulations are performed applying FDS.
It was shown that the length of the sim u lated tun nel sec tion has a neg li gi ble influ ence on the re sults with re spect to the lo cal smoke move ment dur ing the first stages of a fire. Sec ondly, we pre sented re sults con cern ing the ef fect of the slope on the lo cal smoke move ment, il lus trat ing that the slope ef fect can be neglected.
Next, the in flu ence of ex ter nal winds at one por tal of the tun nel was ex am ined. The sim u la tions showed that the wind con di tions can be fa vour able to cre ate a smoke-free path but it is as well pos si ble that the wind con di tions have an un de sired influ ence. The sim u la tions also showed that there is large dif fer ence be tween the ef fect created by a wind par al lel to the tun nel axis and that of a per pen dic u lar wind. The for mer influ ences the smoke be hav ior due to an im pulse ef fect, while the lat ter sucks the smoke out of the tun nel due to a low pres sure cre ated at the tun nel por tal. Over all, the di rec tion in which the smoke will travel is un known in case of an emer gency and the flow of com bustion gases can not be con trolled in a suit able way. The same is true for the chim ney ef fect cre ated by the tem per a ture dif fer ence be tween the air in side and out side the tun nel in the ab sence of a fire. Fur ther more, the re lease of heat dur ing a fire will al ter this ef fect. Finally, this study also shows that CFD sim u la tions are a valu able tool for real life, real scale fire prob lems. CFD sim u la tions can in deed provide quantitative information for the design of mechanical smoke extraction systems.
